Purpose. The resistance/nodulation/cell division (RND) family multidrug efflux pump, OqxAB, has been identified as one of the leading mechanisms of plasmid-mediated quinolone resistance and has become increasingly prevalent among Enterobacteriaceae in recent years. However, oqxAB genes have not yet been reported in Enterococcus isolates. The aim of the present study was to identify the oqxAB genes and investigate their prevalence among Enterococcus from swine manure in China.
INTRODUCTION
The synthetic chemotherapeutic agent olaquindox is a widely used growth enhancer in pig farming. OqxAB was the first mechanism of resistance to olaquindox to be identified [1] and it has been determined to be one of the mechanisms of plasmid-mediated quinolone resistance (PMQR). This resistance/nodulation/cell division (RND) multidrug efflux pump is encoded by the oqxA and oqxB and was originally identified on a conjugative plasmid pOLA52 carried by an Escherichia coli isolate from swine manure [2, 3] . Soon, the oqxAB genes were often found in Enterobacteriaceae of different species, including E. coli, Klebsiella pneumoniae, Salmonella spp. and Enterobacter cloacae isolates from food animals, companion animals and humans, especially in China [4] [5] [6] [7] [8] [9] [10] . It has been convincingly demonstrated that the oqxAB genes confer cross-resistance or reduce susceptibility to multiple agents, such as olaquindox, mequindox, chloramphenicol, florfenicol, trimethoprim, , 50% minimum inhibitory concentrations; MIC 90 , 90% minimum inhibitory concentration; MIC, minimum inhibitory concentration; NS, neomycin; OQX, olaquindox; PMQR, plasmid-mediated quinolone resistance; RAPD PCR, random amplified polymorphic DNA PCR; RIP, rifampin; RND, resistance/nodulation/cell division; TET, tetracycline; TYL, tylosin.
†These authors contributed equally to this work. The GenBank accession number for the [oqxAB, IS26, aph(3')-IIa, etc.] sequence is KT716391. Two supplementary tables are available with the online version of this article.
ciprofloxacin, enrofloxacin, norfloxacin, tigecycline and biocides [8] [9] [10] [11] [12] . Up to now, olaquindox has continued to be used as a growth promoter for piglets in China. Therefore, it is important to investigate the prevalence of the oqxAB genes among different bacteria to establish guidelines for veterinary and human clinical medication use.
Although the oqxAB genes have been prevalent among Gram-negative bacteria, especially in Enterobacteriaceae, investigations of Gram-positive bacteria have only rarely been performed. In 2014, Wang et al. revealed that oqxAB genes had been present in Gram-positive Staphylococcus aureus isolates from food animal farms in China and that they were the most common PMQR genes among the tested isolates [13] . The oqxAB genes were also investigated in Enterococcus in 2015, but were not found in any isolate [14] .
Enterococci are commensals of the gastrointestinal tract of human beings and animals. They are also opportunistic pathogens that have become progressively more difficult to kill over the past two decades, due to the rapid acquisition and dissemination of resistance genes, including the genes encoding multidrug efflux pumps. It has been proved that the oqxAB genes can be transferred horizontally among food-borne pathogens, just as other resistance genes [aph (2 †)-Ib and aac(6¢)-Im] can be transferred horizontally between Enterococcus and Gram-negative bacteria [15] . When we determined the resistance phenotypes of the Enterococcus isolates from swine manure in China, we found that the prevalence of resistance to olaquindox (OQX) was high. An investigation of the oqxAB genes would be particular significance for medical science. In order to verify whether oqxAB genes exist in the Enterococcus isolates and contribute to OQX resistance, we identified the oqxAB genes and further investigated their prevalence among Enterococcus isolates.
METHODS

Bacterial strains
A total of 87 Enterococcus strains, which included 51 E. faecalis and 36 E. faecium isolates from swine manure, were obtained from faecal samples from piglets at 24 swine farms located in different regions of China between 2010 and 2012. Approximately five to eight faecal samples were collected by rectal swab from each piglet. Then all faecal samples were immediately placed on ice and kept at refrigerator temperature during transport. For each faecal sample, 5 ml of Enterococcosel broth (Becton Dickinson, Cockeysville, MD, USA) was inoculated with 0.25 g of faeces for up to 48 h. Aesculin-positive cultures were streaked on Enterococcosel agar and incubated at 37 C for 24 h. Colonies that were characteristic of Enterococcus spp. were then streaked onto trypticase soy agar with 5 % sheep blood to check for haemolysis. A representative of each colony type from each plate was picked from the blood agar and streaked on brain-heart infusion broth (Beijing Land Bridge Technology Co., Ltd, People's Republic of China). Isolates from the same piglet were noted as one strain. Fluoroquinolones (ENR and CIP) and quinoxalines (OQX and MEQ) are usually used as therapeutic drugs or feed additives in all of the selected swine farms. All of the isolates were confirmed by PCR, cloning and sequencing of the 16S rRNA gene as described previously [16] and using the Vitek-32 automatic identification system. Azide-resistant E. coli DH5a (Tiangen, Beijing) was the host for the cloning experiments. E. faecalis ATCC 29212 was used as a quality control strain in antimicrobial susceptibility testing.
Antimicrobial susceptibility testing
The minimum inhibitory concentrations (MICs) of nine antimicrobial agents [olaquindox (OQX), mequindox (MEQ), tetracycline (TET), doxycycline (DOX), florfenicol (FFC), erythromycin (EM), ciprofloxacin (CIP), enrofloxacin (ENR) and levofloxacin (LEV)] were determined for Enterococcus isolates by the broth micro-dilution method following the Clinical and Laboratory Standards Institute (CLSI) guidelines [17, 18] . The MIC 50 and MIC 90 values were defined as the MICs at which 50 and 90 % of the investigated isolates were inhibited, respectively. Isolates with MICs !64 mg l À1 were regarded as being resistant to OQX and MEQ [10] . The breakpoint for TET and DOX was !16 mg l
À1
, that for EM and LEV was !8 mg l À1 and that for CIP was !4 mg l À1 . Because the CLSI veterinary breakpoints for ENR and FFC against Enterococcus spp. have not been set, the breakpoint for ENR was referenced as that of CIP, and the breakpoint of FFC was referenced as that of FFC against Gram-positive Streptococcus suis (!8 mg l À1 ) [17] . Multidrug-resistance (MDR) was defined as resistance to at least three or more unrelated agents.
Cloning experiments
An OQX-ENR-resistant E. faecalis isolate (3EF) was randomly selected for cloning experiments. Plasmid DNA (obtained with the QIAfilter Plasmid Midi kit, Qiagen, Hilden, Germany) was digested with EcoRI and HindIII restriction enzymes (TaKaRa, People's Republic of China) and further ligated into the pBluescript IISK (+) cloning vector digested with the same enzymes. The obtained recombinant plasmid (designated p3EF) was then transformed into electrocompetent E. coli DH5a. Transformants (E. coli DH5a carrying recombinant plasmid p3EF) were selected on the LB/X -gal/IPTG (MH) agar plates supplemented with ampicillin (Amp; 100 mg l
À1
) and OQX (128 mg l
). The recombinant plasmid p3EF was extracted from the oqxA-positive transformants using the Qiagen plasmid mini kit. The molecular sizes of the inserts were estimated from the results for the restriction digestion and electrophoresis in 1 % agarose gel in TBE buffer. Finally, the inserts were investigated by sequencing with M13 universal sequencing primers. The nucleotide and the deduced protein sequences were subsequently analysed with EditSeq and Megalign software (DNAstar, Madison, WI, USA). The NCBI BLAST program was used for database searches.
Screening for oqxA and oqxB The oqxA and oqxB were screened in all Enterococcus isolates using the primers oqxA-F and oqxA-R with 407-bp products, and the primers oqxB-F and oqxB-R with 512-bp products, respectively. When it was not found in the oqxApositive isolates, oqxB was detected using the primers oqxB1-F and oqxB1-R with 567-bp products. DNA from the E. faecalis isolate (3EF) was used as a positive control for the detection of oqxA and oqxB. The representative amplicons obtained were confirmed by sequencing both chains and the sequences were compared with those in the GenBank nucleotide database (http://www.ncbi.nlm.nih.gov/blast/). The primers used for the PCR experiments were designed based on the published sequences of pOLA52 (GenBank accession number EU370913) or on published papers and are listed in Table 1 .
Filter-mating experiments
In order to determine the transferability of the oqxAB genes in Enterococci, the E. faecalis 3EF strain used in the cloning experiments was selected for further studies. Filter-mating experiments were performed using both high-level rifampicin and fusidic acid-resistant (MIC >256 mg l À1 ) E. faecalis JH2-2 as the recipient. Transconjugants were selected on brain-heart infusion agar containing OQX 128 mg l À1 , rifampicin 200 mg l À1 and fusidic acid 100 mg l
À1
. Putative transconjugant was further verified by its antimicrobial resistance profiles and by RAPD PCR with the primers RAPD1 (5¢-TGCTCTGCCC) as described previously [19, 20] and screened for oqxAB genes and aph(3¢)-IIa by PCR. The mating rates were calculated as transconjugants per recipient cell.
Additionally, the genetic environment of oqxAB genes was characterized by PCR assays using specific primers and sequencing. PCR mapping analysis ( Fig. 1 ) was performed on genomic DNA from the oqxAB-aph-(3¢)-IIa-positive transconjugant. The association of IS26 with oqxA was investigated by PCR using the primers IS26-F1 and oqxA-R1. When PCR products for the upstream regions (IS26) of oqxA were found, the whole coding region of the oqxAB genes, comprising the entire oqxA, oqxB and transcriptional regulator ORF sequences, was amplified using the specific primers oqxAB-F and oqxAB-R as previously described [10] . Long PCR linking oqxB to aph(3¢)-IIa was performed using primers F5 and R5 in the oqxAB-aph(3¢)-IIa-positive transconjugant. DNA from a previously characterized isolate (3EF) of E. faecalis from our collection was used as a positive control. All PCR products obtained were confirmed by sequencing both chains and the sequences were compared with those in the GenBank nucleotide database (http://www.ncbi.nlm.nih.gov/blast/). The primers are listed in Table 1 .
Nucleotide sequence accession number
The sequence determined in this study has been deposited in GenBank under accession number KT716391.
RESULTS
Antimicrobial susceptibility analysis
The antimicrobial susceptibility test results revealed that 87 Enterococcus isolates demonstrated high frequency of resistance to most antimicrobial agents tested (Tables S1 and S2 , available in the online version of this article). Of the 87 isolates, 98.9 % isolates exhibited MDR phenotypes. As shown in 
Identification of oqxAB genes
Due to the high prevalence of resistance to quinoxalines and fluoroquinolones, we sought to determine whether any of these isolates had the known resistance determinant oqxAB genes. Then, a few transformants were successfully obtained on the LB/X-gal/IPTG agar plates containing Amp and OQX. These OQX-resistant colonies were positive for oqxAB genes, suggesting that they harboured recombinant plasmid p3EF. The restriction digestion of p3EF extracted with the Qiagen plasmid mini kit and subsequent electrophoresis revealed that the p3EF-harbouring transformants contained a common insert that was approximately 8.4 kb in size. Sequence analysis indicated that this insert contained an intact Tn6010-like transposon, which displayed 99.97 % nucleotide identity with the transposon Tn6010 sequence located on plasmid pOLA52 in E. coli (GenBank accession no. EU370913) [21] , and an uncompleted Tn5 transposon, which was identical to the Tn5 transposon (U00004) and consisted of the bleomycin resistance gene (ble) truncated by IS26, the neomycin/kanamycin resistance gene (aph(3¢)-IIa) encoding aminoglycoside-3¢-O-phosphor-transferase, and the Tn5 transposase gene (partial sequence) (Fig. 1) . The oqxA sequence obtained in this study possessed only a GfiA mutation at position 475 bp (producing amino acid alteration V 159 I) when compared with its counterpart, a previously indicated highly conserved gene [1] .
The MICs of OQX and MEQ against the transformant (E. coli carrying plasmid p3EF) were similar to those against isolate 3EF, but were at least 64-fold greater than those against the recipient E. coli DH5a (Table 3 ). The transformant showed approximately eight-, eight-and fourfold increases in the MICs for CIP, ENR and FFC in comparison to the recipient, respectively, suggesting that oqxAB genes contributed to the decreased susceptibility to quinolones and FFC of E. coli. In addition, the MICs for neomycin and kanamycin against the transformant displayed approximately 256-and 512-fold increases in comparison to those against the recipient, respectively.
Prevalence of oqxAB genes A high prevalence of both oqxA and oqxB was detected in the Enterococcus isolates. As shown in Table 4 , the oqxA gene was present in 69 (79.3 %) out of 87 Enterococcus isolates. About 86.3 % (44/51) of the E. faecalis isolates and 69.4 % (25/36) of the E. faecium isolates were positive for the oqxA gene, respectively. Fifty-seven of the 69 oqxA-positive isolates were also positive for the oqxB gene, with 34 isolates being positive using primers oqxB-F and oqxB-R and 23 strains being positive using oqxB1-F and oqxB1-R.
All of the isolates with oqxA, oqxB, or both were found to be resistant to OQX. None of the OQX-susceptible Enterococcus isolates were found to carry the oqxA or oqxB genes. Only six OQX-resistant isolates (five E. faecalis and one E. faecium) did not have oqxA or oqxB detected, suggesting that additional determinants are contributing to resistance, or that the isolates have these genes but they are not being detected. These results suggest that the oqxAB genes may contribute to OQX resistance. To the best of our knowledge, this is the first report of Enterococcus isolates with the oqxAB genes.
Transfer of oqxAB genes
The transconjugant (J3EF) was successfully obtained from oqxAB-positive isolate 3EF by conjugation experiments. The conjugative transfer frequency was 2Â10
À6
. The transconjugant carried both the oqxAB and aph(3¢)-IIa genes. The transfer of high resistance to OQX and MEQ (!128 mg l
À1
) from the 3EF strain was shown by filter mating. As shown in Table 3 , it was also observed that the transconjugant reduced susceptibility to FFC (with a more than eightfold change in MIC) and fluoroquinolones (with a twofold change in the MICs of CIP and ENR). Fluoroquinolone resistance has previously been related to the OqxAB pump [6, 22] . In addition, the co-transfer of resistance to neomycin and kanamycin was observed in transconjugant J3EF. The co-transfer of the oqxAB with aph(3¢)-IIa genes was investigated by PCR. The transconjugant (J3EF) was positive for IS26. PCR products of the expected size (about 5.4 kb) were found with the primers oqxAB-F and oqxAB-R. Moreover, the transconjugant showed clear PCR bands when using the primers F5 and R5, with the expected size (2.2 kb). PCR mapping and sequencing confirmed that the oqxAB genes were flanked by IS26 and could be linked to aph(3¢)-IIa. This genetic linkage (IS26-oqxAB-IS26-aph(3¢)-IIa) in the transconjugant was found to be identical to that in the donor 3EF.
DISCUSSION
The prevalence of OQX resistance in our Enterococcus isolates was strikingly high, significantly higher than for those previously investigated in E. coli from pigs and in Salmonella typhimurium isolates from several animal species in China [3, 10] . The high prevalence of OQX resistance may in part be due to the extensive use of quinoxalines in animal husbandry for prophylactic and therapeutic purposes in China [10] . Because it was hypothesized that oqxAB genes conferred resistance or reduced susceptibility to fluoroquinolones (ENR and CIP), quinoxalines (OQX and MEQ) and amphenicols (FFC) [9, 10] , we performed cloning experiments and sequencing to verify whether oqxAB genes exist in OQX-ENR-resistant Enterococcus isolates. Surprisingly, the oqxAB genes have been identified in OQX-ENRresistant E. faecalis isolate 3EF. Since they were reported in K. pneumoniae [23] , the PMQR genes, including oqxAB genes, have often been reported in Enterobacteriaceae [24] [25] [26] . The identification of oqxAB genes in this study emphasizes the fact that the oqxAB genes have not only presented in Enterococcus, but have also migrated into animal manure isolates of Enterococcus.
It should be noted that the prevalence of oqxAB genes among the isolates was strikingly high, much higher than in previously reported results. For example, a prevalence of 6.6 % was reported for oqxAB genes in 136 E. coli clinical isolates of human origin [9] , and a prevalence of 39.0 % was reported for oqxAB genes in E. coli isolates from animals, farm workers and the environment [10] . However, the prevalence was similar to that for multidrug-resistant K. pneumoniae isolates of human origin (71-100 %) in Australia OQX r , OQX-resistance; B, using primers oqxB-F and oqxB-R, B 1 , using primers oqxB1-F and oqxB1-R.
[4]. The high prevalence of the efflux pump genes oqxA and oqxB in combination or alone in the Enterococcus isolates represents a potential reservoir for the spread of these genes. Moreover, fluoroquinolones (ENR and CIP) and quinoxalines (OQX and MEQ) have been regularly used as therapeutic drugs or feed additives in the 24 swine farms selected, so the high rates of oqxAB genes indicate that the use of antimicrobials could lead to the selection and spread of resistance determinants.
Although oqxAB genes are in an operon together, the ORF sequence of oqxA is highly conservative [1] , while the sequence of oqxB is variable. In the study, we used two pairs of oqxB primers (oqxB-F and oqxB-R, oqxB1-F and oqxB1-R) to detect the presence of the oqxB gene and obtained more oqxB-positive isolates, but there were still 12 oqxApositive isolates in which the oqxB gene was not detectable, despite expressed olaquindox resistance. This phenomenon, also reported by other authors [8] , could be explained by point mutations in primer-binding sites, which would prevent synthesis of the relevant amplicons. Also, as oqxA gene does not express any functions on its own, oqxB is likely present in all these isolates. Therefore the whole-genome sequencing of such isolates need to be further studied.
Not surprisingly, the transformant (E. coli carrying plasmid p3EF) presented high resistance to neomycin and kanamycin (!256 mg l À1 ). This phenotype was clearly associated with the aph(3¢)-IIa gene, which confers resistance to some aminoglycosides, such as neomycin and kanamycin. Moreover, the oqxAB were linked with aph(3¢)-IIa in this study, which was different from previously reported findings in which oqxAB genes were frequently linked with ESBL genes (such as bla CTX-M ) or aac(6¢)-Ib-cr [3, [27] [28] [29] .
The transferability of oqxAB genes was achieved by conjugation experiments, with twofold MIC increases for CIP and ENR, and an eightfold MIC increase for FFC, and the acquisition of resistance to OQX and MEQ. Although the PMQR determinants, including oqxAB genes, contribute to small increases in the MICs for quinolones, they are sufficient to facilitate the selection of mutants (e.g. gyrA) with higher levels of resistance [26] and promote the spread and increase the prevalence of quinolone-resistant strains [29] . Further, the aph(3¢)-IIa gene was also co-transferred with oqxAB genes from the 3EF isolate donor and the transconjugant conferred high resistance to neomycin and kanamycin (Table 3 ). The transfer of the oqxAB genes and their expression in E. coli suggests that oqxAB genes could disseminate among Enterococcus with the aph(3¢)-IIa gene, even from Enterococcus to Enterobacteriaceae. Therefore, continuous surveillance to contain further transmission of the oqxAB genes to new hosts is urgently required.
It is noteworthy that PCR mapping analysis for the transconjugant confirmed that the oqxAB cassette was linked to an incomplete Tn5 transposon that contained aph(3¢)-IIa and was flanked by IS26, a widely spread conjugative element responsible for the dissemination of oqxAB genes and other clinically relevant antibiotic resistance genes [2] . This genetic linkage (IS26-oqxAB-IS26-aph(3¢)-IIa) implied that oqxAB genes and the aph(3¢)-IIa gene actually co-located on a conjugative plasmid that was not identified in this study. Further studies need to be performed to identify the conjugative plasmid carrying oqxAB genes. Carriage of oqxAB genes on transferable plasmids facilitates the emergence of resistance to quinoxaline, fluoroquinolones, amphenicols and aminoglycoside and their transmission via horizontal gene transfer [6] .
In summary, this is the first time that the oqxAB genes, encoding a quinolone and OQX efflux pump and conferring resistance or reducing susceptibility to multiple agents, were identified among Enterococcus isolates from swine manure in China. The oqxAB cassette was linked by an IS26 composite transposon element with the aph(3¢)-IIa gene. To the best of our knowledge, this is also the first description of the genetic environment of oqxAB-aph(3¢)-IIa. In addition, our results suggest that oqxAB genes are highly prevalent in Enterococcus isolates in China. The high presence of the oqxAB genes in Enterococcus strains isolated from the manure of food-producing animals poses a potential threat to public health.
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